We have developed an objective procedure, using a modified retinal camera, to determine macular pigment (MP) optical density distributions in the human retina. Using two multi-band filters, reflectance maps of the retinas of young subjects (<25 years old) were obtained at 460, 528, 610 and 670 nm, without pupil dilation. The log-transformed maps were combined linearly to yield optical density maps of MP, cone and rod photopigments, and melanin. MP optical density and heterochromatic flicker photometry results for 22 subjects were in reasonable agreement. Cone photopigments, like MP, showed similar, well-defined peaks at the fovea, whereas rod photopigment showed a minimum. Melanin was more broadly distributed.
Introduction
The risk of age-related macular degeneration (AMD) depends on a number of factors including those that appear to be linked to photooxidative stress (Beatty, Koh, Phil, Henson, & Boulton, 2000) . Many studies suggest that macular pigment (MP) may reduce photooxidative stress by blocking blue light and through antioxidant action (Kim, Nakanishi, Itagaki, & Sparrow, 2006; Snodderly, 1995) . On the other hand, no differences in MP optical density were found in eyes with and without age-related maculopathy in a cross-sectional study (Berendschot, WillemseAssink, Bastiaanse, deJong, & Van Norren, 2002) , nor did MP appear to be protective against early AMD in a longitudinal study (Kanis, Berendschot, & Van Norren, 2006) . Both studies involved participants from the Rotterdam Study. Nevertheless, the potential importance of macular pigment to the health of the eye has prompted the development of several methods for measuring its density in the retina. The list of methods includes heterochromatic flicker photometry (HFP) (Beatty, Koh, Carden, & Murray, 2000; Bone & Landrum, 2004a; Snodderly et al., 2004; Wooten, Hammond, Land, & Snodderly, 1999) , which is probably the most widely used method, and minimum motion photometry (Moreland, 2004) . Both of these are psychophysical procedures and require active participation by the subject. Others, that are physical methods and require relatively passive participation by the subject, are based on resonance Raman spectroscopy (Bernstein et al., 2002; Neelam et al., 2005) , lipofuscin autofluorescence (Delori, Goger, Hammond, Snodderly, & Burns, 2001; Wü stemeyer, Moessner, Jahn, & Wolf, 2003) , and retinal reflectometry (Kilbride, Alexander, Fishman, & Fishman, 1989; Van de Kraats, Berendschot, & Valen, 2006; Van de Kraats, Berendschot, & Van Norren, 1996) .
The optical density spectrum of the MP may be obtained from measurements of foveal and peripheral reflectance spectra, a technique that was first introduced by Brindley & Willmer (1952) . They ascribed the difference between foveal and peripheral reflectance primarily to the presence of MP in the foveal region. Later investigators improved the reflectance measurements to account for the effects of non-uniform distributions of other pigments in 0042-6989/$ -see front matter Ó 2007 Elsevier Ltd. All rights reserved. doi:10.1016/j.visres. 2007 .09. 002 the light path as well as light-scattering in the ocular media. To remove the effects of melanin (present in the RPE and choroid) and oxyhemoglobin (present in the vascular choroid) from the MP optical density spectrum, they developed curve-fitting procedures to model the contribution from each pigment (Delori & Pflibsen, 1989 ; Van de Kraats et al., 1996; Van Norren & Tiemeijer, 1986) . Based on what is perhaps the most highly detailed model, Van de Kraats et al. have developed an instrument to provide fast assessment of central MP density (Van de Kraats et al., 2006) . The model takes into account absorption by multiple chromophores, scattering and reflection by different layers and the influence of the Stiles-Crawford effect. With some simplifications, the model contains 7 free parameters whose values are adjusted to produce a match with a full reflectance spectrum from 400 to 800 nm.
A further development, imaging reflectometry, was introduced by Kilbride et al. in order to generate twodimensional MP optical density distributions in the retina (Kilbride et al., 1989) . With a modified retinal camera, they captured digital images of the bleached retina at a number of wavelengths including 462 nm (peak MP optical density) and 559 nm (zero MP optical density). Bleaching reduces the effects of light absorption by photopigments that would vary with retinal location. A simple procedure would have been to equate the difference between the log-transformed (and aligned) 462 and 559 nm images to the MP (double) optical density distribution at 462 nm, in accordance with the Brindley and Willmer model. However, they first weighted the 559 nm image by a factor representing the ratio of extinction coefficients of combined hemoglobin and melanin at the two wavelengths. In so doing, they attempted to remove their effects from the MP optical density distribution. However, inaccuracies could arise if the relative contributions of melanin and hemoglobin varied across the retina. A similar technique was used by Chen et al. to study the variation of the MP distribution with age (Chen, Chang, & Wu, 2001) . Bour et al. used imaging reflectometry (480 and 540 nm) combined with the simple Brindley and Willmer model to study MP distributions in children (Bour, Koo, Delori, Apkarian, & Fulton, 2002) . A complication, which a digital camera would have eliminated, was their use of a film camera with the additional step of scanning the developed film in order to digitize the images. Several studies describe the adaptation of the scanning laser ophthalmoscope (SLO), a relatively expensive instrument, for imaging reflectometry (Berendschot et al., 2000; Elsner, Burns, Beausencourt, & Weiter, 1998; Elsner et al., 2000; Wü stemeyer et al., 2002) . The superior SLO images are far less prone to scattered light from the ocular media than those captured with a fundus camera. Typically, images of the retina, usually in a bleached state, are captured at the argon laser wavelengths, 488 and 514 nm. Digital subtraction of the log-transformed images is assumed to provide the MP (double) optical density. As in the study of Bour et al., it is assumed that optical density differences across the retina for pigments other than MP are negligible. In a highly simplified version of imaging reflectometry, a single image of the retina is captured under blue light at a wavelength at which the MP absorbs strongly. It is assumed that the decreased intensity seen in the foveal part of the image is due only to the presence of MP. The technique has been used in conjunction with an SLO to study the effects of lutein supplementation (Schweitzer et al., 2002) , and in conjunction with a fundus camera to study MP in albinos (Abadi & Cox, 1992) . With the single image technique, it is not possible to factor in the effects of non-uniform distributions of other pigments
Here we describe a novel adaptation of imaging reflectometry that employs a standard, non-mydriatic, digital retinal camera and does not require photopigment bleaching. As such, the method has the advantage of being accessible to vision scientists in non-clinical settings who are not permitted to dilate their subjects' pupils. Without bleaching, the distributions of rod and cone photopigments in the retina must be taken into consideration. Also taken into account is the distribution of melanin, which is different in the RPE and choroid. Our goal has been to develop an objective procedure for measuring MP optical density that is based on commonly available equipment and is simple, fast and relatively inexpensive. An added benefit of the method is its ability to generate simultaneously optical density distributions of photopigments and melanin.
Methods

Model
Our method for acquiring MP optical density distributions is based on a simplified model of the human retina shown in Fig. 1 Delori & Pflibsen (1989) . Some of the light is specularly reflected at the inner limiting membrane, for example giving rise to the foveal reflex that is particularly apparent in young subjects. It is also possible that the majority of remitted light from the deeper retinal layers undergoes multiple scattering in the choroid rather than simply reflection by the sclera (Preece & Claridge, 2002) . Depending on the proportions of light that are reflected and scattered, the model may provide an incorrect estimate of the total melanin. Our method compares the remitted light from different points on the retina. We assume that the absorption by the ocular media and choroidal hemoglobin produce uniform attenuation of light across the central retina ($15°) where our measurements are made, but that MP, cone photopigments, rod photopigment, and melanin have non-uniform distributions.
We also avoid regions of the retinal image where specular reflections and blood vessels are apparent. Thus our model is represented by the absorbing layers shown in Fig. 1 . Limiting the model to four adjustable parameters, representing the four pigment optical density distributions, was dictated by the experimental procedure that involved relative reflectance measurements at four discrete wavelengths (see below). In other non-imaging methods, where absolute spectral reflectance is measured over a wide range of wavelengths, it is possible to incorporate many more free parameters into a model. Such parameters include scattering in the post-receptor layers and lens, reflections from the receptor disks and/or retinal pigmented epithelium, reflection from the inner limiting membrane, the Stiles-Crawford effect, as well as absorption by the ocular media, hemoglobin and the four chromophores in our model (Delori & Pflibsen, 1989; Van de Kraats et al., 1996 . We are not aware of the existence of technology with which it is currently possible to combine retinal imaging with full spectral reflectance measurements. Therefore, with images available at only a few, discrete wavelengths, a decision must be made to limit the number of free parameters that a model contains. Our choice of melanin, cone photopigments, and rod photopigment, in addition to MP, was largely driven by the realization that all of these pigments have significant spatial variation across the retina.
A simplification in our model is the representation of the cone and rod photopigments as two absorbers in series. This was the representation adopted by Kilbride and Keehan in their assessment of visual pigments by imaging fundus reflectometry (Kilbride & Keehan, 1990) .The alternative configuration of two side-by-side absorbers would introduce an intractable problem to our model. It may also not be completely appropriate. Histological sections through the retina often show imperfect alignment of rods and cones (Enoch, 1981) . A photon entering a photoreceptor obliquely may escape somewhere along the outer segment and be absorbed instead by an adjacent photoreceptor (Walraven & Bouman, 1960) . Van der Kraats et al. found that, in order to account for the average retinal reflectance spectrum in 10 subjects, the fraction of light escaping from the outer segment was $81% ( Van de Kraats et al., 1996) . The results of Chen and Makous showed that half or more of the light entering near the edge of the pupil was absorbed by cones other than those on which it originally fell (Chen & Makous, 1989) . Furthermore, our model describes a double-pass through each absorbing layer. Thus light passing through a cone on the first pass could pass through a rod on the return pass, and vice versa. Therefore neither the series nor side-byside configuration is truly representative of the state of affairs in the retina and a better representation may be some combination of the two. Part of the justification for adopting the series configuration in our model is that it leads not only to a tractable system, but also to plausible distributions of cone and rod photopigments.
Because we have four unknown pigment distributions in the model, we need to obtain images of the retina at a minimum of four wavelengths. Provided we know how the extinction coefficient of each pigment varies with wavelength, the four images can be combined to yield the relative optical density distribution for each pigment. For example, if light of wavelength k is incident at a point in the fovea (F), and is of intensity I Fk , the remitted intensity is I F;k T 2 MP;F;k T 2 ME;F;k T 2 CP;F;k T 2 RP;F;k R F;k . The additional subscripts refer to macular pigment (MP), melanin (ME), cone photopigment (CP), and rod photopigment (RP). T is the transmittance of an absorbing pigment and R F;k is the effective reflectance of the sclera/choroidal layer. A similar expression would apply to a point in the extra-fovea (E). The logarithm (to base 10) of the ratio of the remitted intensity in the fovea to that in the extra-fovea is given by
where Dð¼ À log T Þ is the optical density of an absorbing pigment. We assume that the incident intensity and the reflectance are the same at the foveal and extra-foveal locations so the first term on the right is zero. Therefore
For each of four different wavelengths, we write an equation like equation 1. Prior to solving these as simultaneous equations, we must convert all optical densities to their values at one of the four wavelengths. For this we used the spectral data of Hunold and Malessa for melanin (Hunold & Malessa, 1974) , Bone et al. for MP (Bone, Landrum, & Cains, 1992) , DeMarco et al. for cone photopigments (DeMarco, Pokorny, & Smith, 1992) , and Crescitelli and Dartnall for rod photopigment (Crescitelli & Dartnall, 1953) . For the cones, we assumed a long-to medium-wavelength-sensitive ratio of 1.8:1, based on an average of estimates in the literature ranging from 1.46 to 2.36 (Cicerone & Nerger, 1989; Van de Kraats et al., 1996; Vos & Walraven, 1970) . Like van de Kraats et al., we ignored the presence of the sparsely distributed short-wavelength-sensitive cones (Van de Kraats et al., 1996) . The four wavelengths that we selected were 460 (blue, B), 528 (green, G), 610 (red, R), and 670 nm (far red, FR). The solutions of the equations yield the following optical density differences (fovea-extra-fovea) at 460 nm:
In the case of macular pigment, it is possible to choose an extra-foveal location, e.g. at an eccentricity of $7°or greater, at which the MPOD may be assumed to be negligible. Eq. (2) then yields the absolute MPOD at any location, such as the peak value at the center of the fovea.
Experimental setup
Retinal images were acquired with a Topcon TRC NW5SF non-mydriatic retinal camera (Topcon, Paramus NJ) equipped with a Sony DXC970MD video camera. This type of camera employs three CCD chips and a system of prisms and color filters that split the image and provide each chip with an appropriate spectral response. The responses appear as the broad bandwidth curves in Fig. 2 . The retinal camera was modified by replacing the exciter filter (used in fluorescein angiography) between the flash-lamp and the subject's eye with either of two filters (Omega Optical, Brattleboro VT). The first was a triple-bandpass interference filter with peak transmittances at 460, 528, and 610 nm, each transmitting band being $20 nm wide. The filter was designed so that each transmission band would overlap with only one of the three CCD response curves, as shown in Fig. 2 . The complex spectral shape of each band is a typical feature of multi-bandpass filters and might be expected to influence the measurements. However, the optical density variation of any of the four chromophores in our model is small over wavelength ranges that characterize the fine features in the transmission bands, so the complexity of the band shape is probably immaterial. The second filter was a double-bandpass filter with peak transmittances at 535 and 670 nm. The 670 nm band, also $20 nm wide, together with those of the other filter, provided the four wavelengths needed by the model. The 535 nm band was not used in the model; rather it ensured that retinal blood vessels were clearly defined in the resulting image and could therefore be used as an aid to image alignment.
The camera was set to capture 20°diameter images. Features that would affect the linearity of the camera's response, such as gamma and white balance, were turned off via the on-screen menu. The linearity was checked for each color channel by capturing images of a series of certified reflectance standards (Labsphere, North Sutton NH) illuminated by the camera's flash lamp. The overall gain, red channel gain, and blue channel gain were set at 12, À30, and 25 dB, respectively. These settings were found to produce mid-level responses in the three color channels without saturation. Images were transferred to a computer using a FlashBus MV Pro frame grabber (Integral Technologies, Inc., Indianapolis, IN) and stored in TIF format. Image analysis was performed using ImagePro Plus software (MediaCybernetics, Silver Spring MD).
HFP was conducted using an instrument and procedure that have been described elsewhere (Bone & Landrum, 2004a) . Briefly, subjects viewed a 1.5°, $4000 Td stimulus that alternated in wavelength between 460 and 540 nm. The 460 nm test wavelength was provided by an interference filter of $20 nm bandwidth, i.e. the same width as the filter transmission bands used with the camera. The stimulus was viewed at 0°and 8°eccentricity and the intensity of the 460 nm component was adjusted in each case to produce a flicker null. The subject's MP optical density at 460 nm was determined as the log ratio of intensity settings.
Subjects
Twenty-two subjects with ages from 18 to 24 years were recruited from the student population of Florida International University. Informed consent, approved by the University's Institutional Review Board, was obtained from each subject after the nature of the study had been explained. The study conformed to the tenets of the Declaration of Helsinki. Subjects received training in HFP and were enrolled in the study once their MP optical density measurements were accompanied by a standard error in the mean that was consistently 60.020 absorbance units.
Experimental procedure
The subject was seated in front of the retinal camera in a darkened laboratory that promoted pupil dilation. (While the camera is non-mydriatic, a minimum pupil diameter of 4 mm is specified.) Forehead and chin rests were provided to help maintain head position. Focusing and alignment were achieved under infra-red illumination to prevent pupil constriction. The subject was instructed to fixate on the mid-point of the focusing bars that were visible through the camera lens. Images were captured using each of the two filters that were described earlier. The double-band filter was used first as this resulted in less pupil constriction that could otherwise decrease the retinal illumination when capturing the second image. During the same session, the subject's MP optical density was determined by HFP. Each subject attended 6-8 such sessions at $2 week intervals in order to assess the repeatability of reflectometry in comparison with HFP.
As a test of the validity of our model, we measured the optical density distributions of MP, cone and rod photopigments, and melanin in one eye of a dark-adapted subject, and in the same eye after a period of photopigment bleaching ($5.5 log photopic trolands for $3 min).
Image analysis
The two captured images were processed by an ImagePro Plus macro that was written to perform the following operations: (1) The two images were automatically aligned with each other, the triple-band filter image acting as the anchor. (6) The images for the cones and rods were multiplied by appropriate factors so that they represented the relative optical density distributions at the peak wavelengths, respectively (550 nm for cones, 505 nm for rods).
Horizontal line-scans through the foveal region of each image were obtained and the data, i.e. the pixel values along the line, were transferred to a graphing program, SigmaPlot (Systat Software Inc., Richmond CA), in order to run a smoothing routine. Peak pigment optical density was determined by measuring the peak height above the baseline of the distribution.
Results
Sample images showing the spatial distributions of the relative optical densities of MP, cone and rod photopigments, and melanin for one of the subjects are shown in Fig. 3 . The optical densities represent approximate averages over a $20 nm wavelength range (the width of the filter transmission bands) centered on 460 nm for MP and melanin, 550 nm for cone photopigments, and 505 nm for rod photopigments. As noted earlier, the fine features in the spectral profile of each transmitting band would be expected to have a negligible effect on these optical density distributions. The foveal region in the images is intentionally below center. Images produced with this camera system typically have a small, lighter region in the center that is presumably an artifact of the optics. For illustrative purposes only, the images in Fig. 3 have been enhanced by adjusting brightness, contrast and gamma. Since relative optical density is given by the pixel value, lighter regions in the images represent higher optical densities. Thus MP and cone photopigments are seen to peak sharply in the fovea, rod photopigments dip to minimum in this region, and melanin is more broadly distributed. Fig. 4 illustrates the corresponding optical density distributions of the pigments, after smoothing, along horizontal lines through the fovea. It should be noted that the photopigments are readily bleached by light and regenerate in the dark. Thus the optical density values merely reflect the state of affairs at the time of image capture, specifically when using the triple-band filter. (The 670 nm band of the double-band filter is negligibly absorbed by the rod and cone photopigments, and provides information only on melanin which does absorb at this wavelength. Information on photopigments is provided only by the triple-band filter.)
For the single subject for whom measurements were compared in the dark-adapted and bleached states, MP and melanin distributions were not significantly affected by the state. On the other hand, the cone peak optical density decreased from 0.46 in the dark-adapted state to 0.16 in the bleached state. Similarly the valley in the rod photopigment distribution went from a depth of 0.29 (dark adapted) to a depth of 0.09 (bleached). Because of the variability in the optical density of cone and rod photopigments based on their degree of bleach, we did not look for possible correlations between these optical densities and that of the photostable MP. We did, however, investigate whether there might be a correlation between MP and the other photostable pigment, melanin, but found none.
Since our major concern is MP, distributions of this pigment for a number of subjects are shown in Fig. 5a .
The plots illustrate the variability not only in peak height, but also peak width, and are typical of about 45% of the subjects. For the remaining 55% of the subjects, subsidiary maxima or shoulders at $ ±0.7°eccentricity were observed, consistent with the ringlike structures that others have seen in MP distributions Delori, Goger, Keilhauer, Salvetti, & Staurenghi, 2006) . Samples are shown in Fig. 5b . The fluctuations that occur in the plots between $2 and 5°e ccentricity are associated with bright areas, often ringshaped, often sharp-edged, that frequently appeared in the original retinal images. They have the appearance of areas of specular reflection. During image processing, these artifacts propagate and are visible in the final pigment optical density distributions. (Note the dark rings clearly visible in Fig. 3a and b.) Thus we do not believe that the corresponding fluctuations in Fig. 5 represent fluctuations in MP optical density, but are merely artifacts. Generally, the correlation between left and right eye measurements was high (r 2 = 0.53, p = 0.0001 for peak height), as illustrated in Fig. 6 . A comparison between the peak values, relative to baseline, for all 22 subjects, and their MP optical density values obtained by HFP, is shown graphically in Fig. 7 . These values Fig. 3 . Relative optical density distributions of (a) macular pigment at 460 nm, (b) cone photopigment at 550 nm, (c) rod photopigment at 505 nm, and (d) melanin at 460 nm. The relative optical densities are represented by the pixel values in these images (i.e. higher optical density = brighter pixel). Thus the macular pigment (a) and cone photopigments (b) can be seen to peak in the fovea (lower center), the rod photopigments (c) dip to a minimum in the fovea, and melanin (d) is more broadly distributed.
represent the averages for each subject's left and right eye measurements obtained by each method.
Discussion
With only minor modification of a standard retinal camera, we have devised a rapid, objective method of determining not only a subject's peak MP optical density, but also the complete, 2-dimensional MP optical density distribution in the central $15°of the retina. Compared with HFP, the new reflectometry method is rapid. Images for one eye, using the triple-and double-band filters, could be acquired in less than 1 min. Processing time to produce the images shown in Fig. 3 added another $10 s to the procedure. By comparison, a testing period of about 10 min per eye in a trained subject was needed to obtain MP Fig. 4 . Horizontal line-scans through the foveal regions in Fig. 3 . The scans provide quantitative measurements of the relative optical density distributions of (a) macular pigment at 460 nm, (b) cone photopigment at 550 nm, (c) rod photopigment at 505 nm, and (d) melanin at 460 nm, along a horizontal meridian through the fovea. optical density by HFP. In terms of reproducibility, the methods were very comparable. The standard deviation of a set of measurements in the same eye was typically 0.05 absorbance units or less for either reflectometry or HFP. An additional advantage of the reflectometry method is the simultaneous generation of corresponding distributions of cone and rod photopigments and melanin. The model on which the method is based, which is certainly a simplification of the retina's reflectance properties, is strengthened by the plausibility of these distributions. For example, the MP distributions of Fig. 5 are very similar to those that were obtained by similar Kilbride et al., 1989) , as well as unrelated, techniques Delori et al., 2006; Hammond, Wooten, & Snodderly, 1997; Sharifzadeh, Bernstein, & Gellerman, 2006) . The method is clearly capable of revealing the ringlike features of the MP that we and others Delori et al., 2006) have observed in over half the subjects studied. The range of peak MP optical densities is consistent with those reported when using HFP (Hammond & Caruso-Avery, 2000; Rodriguez-Carmona et al., Snodderly et al., 2004) . Also the MP distribution in the retina has been reported to be very similar to that of the cone photopigments (Elsner et al., 1998) , and this is borne out by a comparison of the distributions shown in Fig. 4a and b. The similarity is to be expected since the majority of the MP resides in the Henle fibers-the photoreceptor axons (Snodderly, Auron, & Delori, 1984) , and in the foveal region the photoreceptor population is dominated by cones. Our rod photopigment distributions (Fig. 4c) are consistent with the distribution of rods themselves, which are missing from the foveal center but rise in number to a broad, maximum density at about 17-20°f rom the center (Osterberg, 1935) . They are also very similar to those obtained by Tornow and Stilling who employed imaging densitometry with a scanning laser ophthalmoscope to measure rod photopigment distributions (Tornow & Stilling, 1998) , and by Kilbride and Keehan who, like us, used a modified fundus camera (Kilbride & Keehan, 1990) . Finally, the choroidal melanin distribution is characterized by a broad maximum in the fovea whereas the RPE melanin distribution tends to be generally more uniform and of lower optical density, though with a small, narrow peak in the fovea (Weiter, Delori, Wing, & Fitch, 1986) . Some combination of these characteristics would certainly not be inconsistent with the type of distribution exemplified in Fig. 4d .
The validity of our model is also strengthened by the appropriate responses of the pigment distributions when the subject's eye was exposed to a bleaching light. It would appear from the results that approximately 2/3 of the cone and rod photopigments were bleached. The level of bleaching is probably attributable to the time taken for the subject to change the position of her eye from the bleaching equipment to the camera, and for the camera operator to bring the retina into focus.
HFP is often used as a yardstick relative to which other methods of measuring MP optical density are compared. A justification for this view is that when the HFP test wavelength is varied in order to determine MP optical density as a function of wavelength, the resulting spectrum duplicates that obtained in vitro using appropriate mixtures of lutein and zeaxanthin (Bone et al., 1992; . Thus we were interested in comparing HFP with our new method. The data presented in Fig. 7 reveal a reasonably high linear correlation (r 2 = 0.62, p < 0.0001), but the fitted line does not have the desired slope of 1.0 that would indicate complete agreement between the two methods. Others too have found less than perfect correlations between MP optical density measurements by reflectometry and HFP. Values of r 2 of 0.38 (Delori et al., 2001 ) and 0.31 (Van de Kraats et al., 2006) have been reported. However, possible agreement between two methods of measuring a parameter cannot be assessed by the correlation coefficient. A far more informative procedure is to generate a Bland-Altman plot of the difference in measurements by the two methods (y axis) versus the mean of the measurements (x axis) (Bland & Altman, 1986) . This is shown for our data in Fig. 8 . The mean difference between the methods can be seen to be very close to zero and within the 95% confidence interval (À0.039 to +0.032 AU). All of the differences are essentially within ± 2SD (equal to ± 0.16 AU) of the mean, the so-called ''limits of agreement.'' Compared with HFP, there appears to be a tendency for reflectometry to give a higher MP optical density for the subjects with low optical density, but this may simply be a consequence of the small sample size.
The discrepancies between the results of HFP and reflectometry could be due to a number of factors affecting the reliability of either method. A fundamental assumption of HFP is that the relative sensitivity of the retina to the test and reference wavelengths is, in the absence of MP, the same at the foveal and parafoveal locations that are used for testing. Recent work in our lab indicates that this assumption may be invalid possibly due to a subject-dependent, lower long-to medium-wavelength-sensitive cone ratio (LWS/MWS) in the fovea compared with the parafovea (Bone, Landrum, Adams, & Gibert, 2007) . In addition, photopigment self-screening could differentially affect measurements made at these two locations (Werner, Bieber, & Schefrin, 2000) . There is also some disagreement over which characteristic of the MP optical density distribution is determined by HFP. Our own work has indicated that, rather than providing the average optical density over the stimulated area, HFP provides the value at an eccentricity that is approximately 50% of the stimulus radius (Bone, Landrum, & Gibert, 2004b) . There is another school of thought that supports the ''edge hypothesis,'' maintaining that what is measured is the optical density at the stimulus edge (Delori et al., 2001; Hammond et al., 1997; Snodderly et al., 2004; Werner et al., 2000) .
In the case of our new reflectometry method, with its 4 free parameters, a number of simplifications were necessary in order to make the procedure viable. Thus the rods and cones were treated as two sequential absorbers, rather than side-by-side absorbers, and the cone layer was assumed to be comprised of LWS and MWS photoreceptors that maintained a constant ratio (1.8:1) across the retina. We investigated the effects of altering this ratio from a low of 1:1 to a high of 2:1 and found no measurable change in any of the four chromophore's optical density distribution. Shortwavelength-sensitive (SWS) cones were omitted because their numbers, relative to LWS and MWS cones are known to vary across the retina, and this would have added more parameters to the model that our procedure would have been unable to handle. However, SWS cones are relatively sparse in the retina, comprising $7% of all cones within 4 mm of the foveal center (Curcio et al., 1991) , so it is possible that their contribution to the overall optical density of the cone layer may justifiably be ignored. We also had to omit a potentially more significant factor, intra-ocular light scatter, which is known to increase with age, but is also quite variable at any given age (Westheimer & Liang, 1995) . The majority of scattered light reaching the camera would be due to back-scattering of the incident flash by the lens of the eye. The result would be a decrease in the contrast of the image and a resulting under-estimate of the MP optical density. Additional stray light can arise from reflection at the inner limiting membrane. Delori and Pflibsen noted a significant increase in the estimate of MP optical density when a small, inner limiting membrane reflectance was introduced to their model (Delori & Pflibsen, 1989) . It has been argued that the scattered light problem underlies an observed decrease in MP optical density with age when determined by the Raman method (Hammond, Wooten, & Smollon, 2005) . In order to minimize this potential source of error, we restricted our study population to those less than 25 years old whose intra-ocular media would be relatively clear. On the other hand, younger subjects are more prone to stronger reflections from the inner limiting membrane, leading to a pronounced foveal reflex. Where this was a problem, we removed the affected pixel values from the line-scans prior to running the smoothing routine that produced the distributions of Figs. 4 and 5. Another possible source of unwanted light reaching the camera would be any fluorescent chromophores in the light path. In principle, these could be excited by the shorter wavelengths that are transmitted through the filters and the resulting fluorescence detected by the longer wavelength channels in the camera. Finally, the effective absorbance spectrum of melanin in the RPE/choroid is not well known and a number of estimates have been published (Gabel, Birngruber, & Hillekamp, 1978; Geeraets et al., 1962; Hunold et al., 1974; Menon, Persad, Haberman, Kurian, & Basu, 1982) . An additional problem is that the melanin layers are both absorbers and scatterers and, as such, cannot readily be incorporated into our model. The absorbance spectrum for melanin of Hunold et al., that we used in our model, is considerably flatter than that, for example, of Gabel et al. The ratio of absorbances at 460 and 670 nm is $2.1 for Hunold et al. and $4.8 for Gabel et al. We found a sizeable but variable reduction, averaging about 20%, in our peak MP optical densities when using the spectrum of Gabel et al. Our decision to use that of Hunold et al. was based on the improved agreement that we obtained with the HFP data.
In conclusion, we have developed a novel procedure, based on reflectometry, which provides a rapid determination of the optical density distributions of a number of absorbing pigments in the eye, principally the MP. The method is non-invasive, does not require pupil dilation and is accessible to anyone with a digital retinal camera. We are currently investigating its suitability for use with older subjects who may have significant lenticular light scatter.
